Travel time inversion of local earthquake data was used to improve a one-dimensional (1-D) P-wave velocity structure model for the northern Red Sea area, including the entrance of the Gulf of Suez and the Gulf of Aqaba. The 1-D velocity model and station corrections were obtained by using 1538 P-arrivals from 216 well-located earthquakes recorded at ten local seismic stations from August 1994 to January 1999. Earthquakes used in the present study were located in depths less than 28 km so that the upper 20 km of the 1-D velocity model was well constrained. The resulting P-velocity model indicated velocities from 5.0 to 6.0 km/sec down to a depth of 10 km, and velocities from 6.0 to 6.8 km/sec with a nearly constant gradient in a depth range from 10 to 20 km. This 1-D velocity model reduced the RMS residual by 47% from 0.21 to 0.11 sec and improved routine earthquake locations, which clearly indicated clusters of hypocenters in the southern tip of the Sinai Peninsula and the entrance of the Gulf of Suez. The resulting station corrections suggested irregular surface geology in the area. Negative and positive station corrections were obtained; the minimum value (−0.35) was observed at the station MAZR, while the maximum value (0.24) at SHRM.
Introduction
The Red Sea is NNW-SSE trending and bifurcates into the Gulf of Suez and the Gulf of Aqaba in the northern part ( Fig. 1(a) ). The Red Sea is a divergent plate boundary between the African and Arabian plates (DeMets et al., 1990) , which continues northward to the Dead Sea through the Gulf of Aqaba. Mckenzie et al. (1970) proposed an extensional mechanism opening the mouth of the Gulf of Suez. BenMenahem et al. (1976) indicated the approximately northward movement of the Arabian plate relative to the African plate, resulting in the oblique opening of the Red Sea, which is truncated in the northwest by the predominantly shearing force along the Gulf of Aqaba-Dead Sea rift system. Numerous regional studies have been carried out on geotectonics in this area (e.g., Said, 1962; McKenzie et al., 1970; Ben-Menahem and Aboodi, 1971; Maamoun et al., 1976; Daggett et al., 1986; Steckler et al., 1988; Bayer et al., 1988; Salamon et al., 1996) .
The distribution of historical and recent earthquakes shows that the tectonic activity is concentrated in the Gulf of Aqaba and the southern part of the Gulf of Suez, that is, near the junction of the tectonic axes of the Suez rift system and the Red Sea divergent boundary. An earthquake (Ms = 6.6) near the Shadwan Island on March 31, 1969 caused serious damage in the area (Ambraseys et al., 1994) . Kebeasy (1990) considered the Gulf of Suez including the Shadwan Island as a part of the most active tectonic region in Egypt. The Hurghada seismic network (Hurukawa et al., 1997) has been established in order to study the seismicity Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences. and tectonics around the triple junction of the Arabian plate, the African plate and the Sinai subplate ( Fig. 1(a) ).
We use local earthquake data obtained from the Hurghada seismic network to estimate the 1-D velocity structure and station corrections. The present study is useful for the routine event locations, and for studying the precise seismic activities and tectonics around the northern Red Sea area.
Data of Local Earthquakes
The data in this study are P-wave arrival times of shallow earthquakes recorded by the Hurghada local telemetry seismic network from August, 1994 to January, 1999. The network covers the entrance of the Gulf of Suez, the southern part of the Gulf of Aqaba and the northern part of the Red Sea ( Fig. 1(a) ). The Hurghada network consists of nine stations with a vertical seismometer and one station with a three-component seismometer, with a natural frequency of 1 Hz. The geographic coordinates of the stations are shown in Table 1 . Seismic data at each station are transferred to the Hurghada data center by using FM or PCM transmission technique. All of the data are D/A converted with a GPS clock, and collected at the data center by using the IASPEI software (Lee, 1994) . In order to read P-wave arrivals, the triggered data are A/D converted again by using a 12-bit digitizer in the PC-SUDS format with a 100 Hz sampling rate. The network can detect local and regional earthquakes with signal duration magnitude larger than 2.4, defined as follows: M = 2.00 log T − 0.87 + 0.0035D for local events (Lee et al., 1972) M = 1.16 log T + 1.13 + 0.00085D for regional events (Maamoun, 1978) (a) Fig. 1 . (a) Location map of the study area with simplified tectonic features (after Vincent et al., 1987; Colletta et al., 1988; Meshref, 1990) . Four symbols in the small box represent seismic station, strike-slip fault, spreading axis and major fault, respectively. The Hurghada network consists of ten seismic stations located along both sides of the southern part of the Gulf of Suez and the northern Red Sea area. The Red Sea is a plate boundary between the African and the Arabian plates. The plate boundary extends northwards to the Gulf of Aqaba that lies east of the Sinai Peninsula. (b) Hypocenter distribution of the earthquakes recorded by the Hurghada seismic network from August 1994 to January 1999, where the E-W cross section is on the lower side and the N-S cross section on the upper right side. Depth and horizontal errors of the hypocenters are relatively small inside the network, while they are relatively large outside the network. A bold cross indicates the hypocenter of a large earthquake in 1995. where M, T , and D denote the signal duration magnitude, signal duration in seconds and epicentral distance in kilometers, respectively. Earthquake locations were determined by using the HYPO71 program (Lee and Lahr, 1975) . The seismicity recorded by the network during the period from August 1994 to January 1999 is shown in Fig. 1(b) . Many earthquakes occurred along troughs of the Red Sea and the Gulf of Suez. Although an earthquake of M = 6.4 in the Gulf of Aqaba on November 22, 1995 was accompanied with a large number of aftershocks, their locations, especially their depths, were not determined so accurately, because these events occurred outside the Hurghada network.
Method of Local Earthquake Data Inversion
Interpretation of earthquake data, especially for seismotectonics, strongly depends on the accuracy of earthquake locations. In this study, an inversion technique (Kissling, 1988 (Kissling, , 1995 was applied to estimate a more reliable 1-D velocity model with station corrections. The observed arrival time t obs can be expressed by t obs = f ( s, h, m) , where s, h, and m are the station coordinates, the hypocentral parameters including origin time and the velocity structure model, respectively (Kissling et al., 1994) . The function f is a nonlinear function of unknown parameters h and m (Thurber, 1985) . Applying the ray theory with an initial velocity model, we can calculate a theoretical arrival time t cal for each event-station pair. According to Kissling et al. (1994) , we can obtain a linear relationship between travel time residual t res and adjustments of unknown parameters, h k and m i , as follows:
where n is the total number of velocity model parameters and e represents all the errors, including the observation error, the calculation error, and the error in the velocity model. A solution for the above coupled hypocenter-velocity parameter equations (Thurber, 1992; Pavlis and Booker, 1983; Roecker, 1981; Ellsworth, 1977) consists of the hypocenter parameters, the velocity model, and the station corrections, each of which was estimated by comparing the observed travel times with the calculated ones in a least-square sense.
At first, we selected high-quality P-wave arrivals from a large number of observations (more than 10000 arrivals), and collected a priori information about the crustal structure around the study area (e.g., Avedik et al., 1988; Marzouk, 1988; Barakat and Miller, 1984; Makris et al., 1983; Tewfik and Ayyad, 1982; Tramontini and Davies, 1969) . Then, we relocated events, as shown in Fig. 2 , assuming the initial velocity structure model obtained by Marzouk (1988) (Fig. 3; Table 2 ). Finally, we estimated a more reliable P-wave velocity model and station corrections, using the method of local earthquake data inversion.
1-D velocity model and station corrections
Using 1538 clear P-arrivals from 216 well locatable earthquakes, we estimated the 1-D velocity model and station corrections for the study area. Applying the VELEST software (Kissling, 1995) , we estimated the velocity model and station coordinates by trial and error. In this process we needed to search for the minimal RMS misfit solution by varying velocity model parameters within a certain reasonable range. After several runs using different initial velocity models (varying layer thicknesses and velocities), hypocentral parameters and control parameters, the final 1-D P-wave velocity model ( Fig. 3 ; Table 3 ) was obtained on the basis of the minimum RMS misfit. Although stability tests were carried out by assuming several initial models (with relatively higher or lower velocities, and different layer thicknesses) for the same data set and control parameters (Fig. 4) , output velocity models were almost close to the final velocity model. The final velocity model was well resolved within a depth interval of 5 km, and the velocities were well constrained for upper layers shallower than a depth of 20 km, while they were poorly constrained below a depth of 25 km, because most of the earthquakes occurred at shallow depths in the entrance of the Red Sea area. The estimated 1-D velocity model and station corrections reduced the RMS residual from 0.21 to 0.11 sec. As shown in the event distribution versus RMS residuals (Fig. 5) , the estimated velocity model is much better than the old one. The model indicates velocities from 4.7 to 6.0 km/sec at depths less than 10 km, and a velocity of 6.8 km/sec at a depth of 20 km. Station corrections generally depend on local geology, azimuths, and hypocentral distances between observation stations and events. Figure 6(a) shows the resulting station corrections relative to the reference station (SHDW) located in the central part of the area that has a large number of observations with a good coverage in azimuth and hypocentral distance. The distribution of positive and negative values (Table 1) reflects lateral variation in shallow subsurface structure; the positive value (0.24) at the SHRM station is probably due to the thick sediment around this station. Positive station corrections at SHRM, HAMM, ATOT, ABSH, and GHAR indicate slower true velocity than the model velocity. On the other hand, negative station corrections at MAZR, ZEIT, UMDL, and NABA, imply true faster velocity than the model velocity. 
Discussion and Conclusion
High seismic activity in the northern Red Sea area has been concentrated near the Shadwan Island, around which a large earthquake (Ms = 6.6) occurred in 1969. Relocations of seismic events by using the estimated 1-D velocity model and station corrections revealed the depth range of earthquakes around the Shadwan Island from 4 to 18 km ( Fig. 6(b) ). The present study also indicated the concentrated seismicity in the south of Ras Mohamed ( Fig. 1(a) ) ranged from 8 to 26 km in depth. Although similar result has been obtained by Hurukawa et al. (2001) , we showed several earthquake swarms near the entrance of the Gulf of Suez and the southern tip of the Sinai Peninsula, where the trough of the Red Sea ends. Concerning the present study area, the P-wave velocity model improved the routine earthquake locations by the Hurghada seismic network, as shown by considerable reduction of RMS misfit from 0.21 to 0.11 sec.
Several studies have been carried out to investigate the crustal structure in and around the study area. The crustal structure appears to be inhomogeneous, and the Moho depth is 20 km near the shore line area and ranges from 35 to 40 km in the inland area (e.g., Tramontini and Davies, 1969; Makris et al., 1983; Hosney, 1985) . On the other hand, Avedik et al. (1988) and Gaulier et al. (1988) have estimated the Moho depth to be between 11.5 and 18 km on the basis of refraction studies. The present study showed 4.7 km/sec of a P-wave veolocity for the uppermost layer, 6.4 km/sec at a depth of 15 km, and 6.8 km/sec at 20 km. The average Moho depth is deeper than 20 km in the study area.
We have recognized that the velocity structure is varying both horizontally and vertically from the Sinai coastal plain to the northern Red Sea area. We need more detailed studies on the crustal structure in this area, for example, our ongoing earthquake tomographic analysis.
